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Abstract
An approach is proposed to carry out multivariate calculations of the magnetic field distribution in the working gaps 
of a plate polygradient matrix of an electromagnetic separator, based on a combination of the advantages of two- and three-dimen-
sional computer modeling. Two-dimensional geometric models of computational domains are developed, which differ in the geo-
metric dimensions of the plate matrix elements and working air gaps. To determine the vector magnetic potential at the boundaries 
of two-dimensional computational domains, a computational 3D experiment is carried out. For this, three variants of the electro-
magnetic separator are selected, which differ in the size of the working air gaps of the polygradient matrices. For them, three-di-
mensional computer models are built, the spatial distribution of the magnetic field in the working intervals of the electromagnetic 
separator matrix and the obtained numerical values of the vector magnetic potential at the boundaries of the computational domains 
are investigated. The determination of the values of the vector magnetic potential for all other models is carried out by interpolation. 
The obtained values of the vector magnetic potential are used to set the boundary conditions in a computational 2D experiment. 
An approach to the choice of a rational version of a lamellar matrix is substantiated, which provides a solution to the problem accord-
ing to the criterion of the effective area of the working area. Using the method of simple enumeration, a variant of the structure of 
a polygradient matrix with rational geometric parameters is selected. The productivity of the electromagnetic separator with rational 
geometric parameters of the matrix increased by 3–5 % with the same efficiency of extraction of ferromagnetic inclusions in com-
parison with the basic version of the device.










The most effective technology for extracting ferromagnetic particles up to 1 mm in size 
from various materials is polygradient magnetic separation. The working body of polygradient 
electromagnetic separators is a stationary matrix or a rotating rotor with a polygradient medium 
made of ferromagnetic bodies (balls, cylinders, rods, steel wool, pointed plates, etc.).
Most of the existing devices for polygradient magnetic separation are designed for purifica-
tion of liquid media (pulp) [1]. For wet magnetic separation of weakly magnetic materials, rotary 
electromagnetic Jones separators of KHD Humboldt Wedag (Germany) with working ferromag-
netic bodies in the form of corrugated plates are widely used; electromagnetic separators made by 
Sala (Sweden) and Metso minerals (Finland), which use steel mesh or cotton wool. Such devices 
are distinguished by a high efficiency of the working process, ensuring the removal of almost all 
highly magnetic particles from the pulp [2].
In connection with the growing requirements for product quality, the problem of removing 
finely dispersed ferromagnetic inclusions arising in the process of equipment wear is also relevant 
for bulk materials (flour, grain, sugar, medicinal mixtures, kaolin, etc.). The use of the above types 
of electromagnetic separators for solving the problems of cleaning bulk materials is economically 
inexpedient due to their high cost, metal and energy consumption, and the presence of small work-
ing air gaps. For cleaning bulk materials, open multi-pole magnetic systems are used, which are 
insufficiently effective in removing ferromagnetic impurities up to 1 mm in size. Therefore, reli-
able and effective cleaning of bulk materials from small metal impurities can only be provided by 
devices specially developed for these purposes by numerous manufacturers of magnetoseparation 
devices (for example, Ukrprommagnit (Ukraine), Erieze (USA), CALAMIT (Germany)). This arti-
cle discusses a non-contact polygradient electromagnetic separator for cleaning bulk materials with 
a lamellar matrix, developed with the participation of the authors of the work. The basic version of 
the separator was installed at the Druzhkovka porcelain factory (Ukraine) to control the quality of 
kaolin purification. The device shows a fairly high efficiency of extraction of ferromagnetic inclu-
sions, which amounted to 90.5–95.5 %.
An important stage in the design of polygradient electromagnetic separators designed to 
extract ferromagnetic particles up to 1 mm in size from dispersed media is the procedure for de-
termining the rational geometric parameters of their plate matrices, which is multivariate. Usually, 
numerical methods for calculating magnetic fields and specialized software for two or three-di-
mensional modeling are used to solve it. The use of two-dimensional models is based on certain 
assumptions regarding the boundary conditions and the nature of the distribution of the magnetic 
field in the working intervals and does not require significant computing resources and calculation 
time. The advantages of three-dimensional models are taking into account the real geometrical 
dimensions of magnetic systems and the possibility of studying the influence of geometry on the 
flux distribution in any element of the magnetic circuit. At the same time, the determination of the 
spatial distribution of the field in complex three-dimensional models of electromagnetic separators 
is a rather laborious and time-consuming process. This determines the urgency of developing new 
approaches to multivariate calculations of magnetic fields in polygradient matrices of electromag-
netic separators capable of providing the necessary computational efficiency and accuracy.
Numerous publications are devoted to the study of the distribution of the magnetic field in 
the working body (matrix) of polygradient magnetic separators. In work [3] it is shown that the 
method of polygradient magnetic separation is effective for removing or filtering small and weakly 
magnetic particles and is widely used for processing minerals, water purification, purification of 
cells and proteins. It is noted that the magnetic matrix is the most important structural element of 
the magnetic separator. The material, geometry, dimensions and arrangement of matrix elements 
can significantly affect the gradient and distribution of the magnetic field. But questions about the 
influence of the structural elements of the matrix on the performance of the separator remained 
unresolved. In [4], a new design of the rod matrix is described, which provides higher values of 
the magnetic field gradient. To study the influence of the structural parameters of the matrix on 
the efficiency of extraction of fine particles, a numerical-field analysis of the spatial distribution 
of the magnetic field by the finite element method (FEM) is carried out using the software Ansoft 
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Maxwell 3D (USA). The tetrahedron is adopted as the main mesh element in the modeling. For 
each model, about 100,000 tetrahedrons are used. The average time spent on simulation is about 
6–8 hours in a personal computer with a Pentium 4 processor. Due to the high complexity of cal-
culations, a limited number of standard sizes of matrix rods with a diameter of 3.0 and 3.5 mm are 
investigated. Taking this into account, in [5], an approach is proposed for calculating the magneto-
static field in a doubly periodic heterogeneous medium (separator matrix) by the method of integral 
equations. The integral equation is formulated for the magnetization vector of the elements of the 
medium. The calculation of the field characteristics is carried out by solving the field problem in 
the area of the main parallelogram of periods without setting boundary conditions on its sides. 
Calculated expressions for the field strength and magnetic permeability tensor are obtained. The 
results of the study of the magnetic force field of the matrix of high-gradient magnetic separator 
are presented. At the same time, the method proposed in [5], although it is universal, is developed 
for calculating the characteristics of the magnetic field in local zones.
As the analysis of publications [6–11] shows, a more flexible FEM is mainly used for calcu-
lating the magnetic fields of electromagnetic devices. Thus, in [6], to study the effect of the confi-
guration of the elements of the separator matrix on the efficiency of particle capture in high-gradient 
magnetic fields, three-dimensional finite element models were analyzed using the COMSOL Multi-
physics software product (Sweden). The research results presented in [7], obtained only for a certain 
configuration of the polygradient matrix medium based on a single and multielement magnetic wire. 
It remains unclear whether these results can be extended to other types of polygradient media.
In [8], the principles of automated formation of two-dimensional geometric models of elec-
trical machines for calculating their magnetic fields using the FEMM program (USA) are shown. 
The article [9] presents the principles and results of the numerical-field determination of the elec-
tromagnetic and energy parameters of three-phase asynchronous motors for the purpose of their 
verification analysis also using the FEMM program (USA). The calculation results obtained in 
a two-dimensional formulation require further experimental verification.
The article [10] reflects the results of numerous studies of two types of permanent magnet 
electric generators. The calculation of the characteristics of the generators under study was carried 
out in a three-dimensional setting using the Simcenter MagNet and Simcenter MotorSolve soft-
ware packages. The article [11] presents the results of research on the performance characteristics 
of a permanent magnet disk generator. The calculation of the magnetic field and device characte-
ristics was carried out using the Infolytica Magnet software package. The expediency of carrying 
out calculations using three-dimensional computer models has been substantiated, but their high 
labor intensity has been noted.
Thus, the analysis of publications allows to assert that in the study of magnetic fields of 
electromagnetic devices, in particular magnetic separators, numerical methods have found wide 
application, first of all, FEM in a two- or three-dimensional formulation. The experience of us-
ing numerical methods in calculating magnetic fields has shown that three-dimensional modeling 
requires significant computational and time resources, and the use of two-dimensional models is 
associated with certain assumptions. Therefore, it is expedient to conduct a study devoted to the 
development of a more efficient and universal combined approach to the analysis of magnetic 
fields, taking into account the advantages of finite element analysis in both two-dimensional and 
three-dimensional formulations.
The aim of research is the development and practical implementation of an approach that 
allows for multivariate calculations of the magnetic field distribution in the working gaps of the 
plate matrix of the electromagnetic separator with increased computational efficiency.
To achieve the aim, the following objectives are set:
– to substantiate an approach to carrying out multivariate calculations of the magnetic field 
distribution;
– to determine the boundary conditions for the working areas of the matrix using the selec-
ted three-dimensional models of the electromagnetic separator;
– to carry out variant calculations and determine the rational geometric parameters of the 
plate elements of the magnetic matrix using two-dimensional models of working zones.
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2. Substantiation of the approach to carrying out multivariate calculations of the magnetic 
field distribution
The previous author’s works [12–14] reflect the results of studies of a polygradient electro-
magnetic separator designed for cleaning bulk materials from fine ferromagnetic impurities up 
to 1 mm in size, namely:
– using the methodological tools of genetic synthesis and symmetry transformations, six 
structural variants of the lamellar polygradient matrix of an electromagnetic separator based on 
triangular elements are obtained [12];
– a preliminary comparative analysis of the synthesized structures is carried out to assess 
the degree of inhomogeneity of the magnetic field in their working intervals using a numerical 
MSE in a two-dimensional formulation [13];
– a rational structural version of the plate matrix of the separator is substantiated, the geo-
metric model of which, indicating the main geometric dimensions, is shown in Fig. 1 [14].
Fig. 1. Rational structural version of the lamellar matrix:  
a – geometric model; b – the main geometric dimensions of the working area
The main geometrical dimensions of the working area (Fig. 1): δ – pole-to-pole working gap; 
a – angle at the top of the pole protrusion; a – working width of the matrix; b is the base of the 
pole performance. The following geometric similarity criteria were set for the regions under study: 
X1 = b/a and X2 = a. The ranges of variation of the geometric similarity criteria X1 and X2, which are 
of practical interest, were: X1 = b/a = 0.18…0.4, X2 = a = 0.11π…0.18π. The thickness t of the matrix 
plates (not shown in Fig. 1) in the direction of the 0z axis was taken t = 6 mm. Taking into account 
the accepted ranges of variation of the geometric similarity criteria, 55 variants of the polygradient 
matrix were obtained and 2D models of their working clearances were constructed (Fig. 2), for 
which the boundary conditions were required to be specified. In particular, it was necessary to de-
termine the values of the vector magnetic potential along the boundaries ch and de in Fig. 2, which 
coincide with the lines of force of the computational domain. In this case, if for the vector magnetic 
potential along one of the boundaries (for example, for the boundary ch), the zero value Ach = 0 can 
be taken, then the vector magnetic potential Ade along the second boundary must be determined.
Fig. 2. 2D-model of the working area
The difference in the values of the vector magnetic potential A A Ade ch de− =  is equal to 
the average flux of the magnetic induction vector Φ in the working air gap, which is per unit of pole 
thickness t in the direction of the 0z axis (Fig. 1, a; t = 6 mm). That is, it is determined by the ratio 
A tde = Φ . Therefore, to determine the value of the potential Ade, it is necessary to calculate the mag-
netic flux Φ. This problem can be solved only with the use of three-dimensional computer models.
             a                                            b
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To increase the computational efficiency of calculations of the magnetic flux and vector mag-
netic potential, it was decided to limit the construction and study of only three three-dimensional 
models of the electromagnetic system of the separator, which differ in the size of the working air gap δ. 
For further analysis, the following three options of the electromagnetic separator were selected:
– option 1 (with the maximum δmax value of the working gap): the distance between adjacent 
projections of the plates b = 32.4 mm (X1 = b/a = 0.18), the angle at the apex of the pole protrusion 
2a = 54° (X2 = a = 0.15π), working pole gap δ = 53 mm;
– option 2 (with an average value δav of the working gap, which satisfies the condi-
tion δmin ≤ δav ≤ δmax): the distance between adjacent protrusions of the b = 72 mm (X1 = b/a = 0,4), 
the angle at the apex of the pole protrusion 2a = 66° (X2 = a = 0.18π), working pole gap δ = 37 mm;
– option 3 (with a minimum δmin value of the working gap): the distance between adjacent 
projections of the plates b = 50 mm (X1 = b/a = 0.28), the angle at the apex of the pole protrusion 
2a = 40° (X2 = a = 0.11π), the working pole gap δ = 13.6 mm. These parameters correspond to the 
basic design of the electromagnetic separator.
It should be noted that the air gap δ is determined through the geometric similarity cri-
teria X1 = b/a та X2 = a. For the selected models, the air gap δ varies in a fairly wide range: from 
δ = 13.6 mm (option 3) to δ = 53 mm (option 1). The determination of the values of the vector mag-
netic potential for all other models was carried out by interpolation.
To determine the magnetic flux Φ in the working air gaps, the Magnet module of the In-
folytica software package (Canada) was used [15]. The construction of the geometry of the 3D 
model (Fig. 3) of the electromagnetic separator for the purpose of importing it into the Magnet 
module was carried out in the KOMPAS program (Russia). Fig. 3 shows on the example of op-
tion 1 (δ = 53 mm) a three-dimensional geometric model of an electromagnetic separator (Fig. 3, a) 
and a picture of the magnetic field distribution (Fig. 3, b).
When modeling, the following initial data were taken: current strength in the windings – 3.2 A; 
material of the magnetic circuit, matrix plates, matrix walls, which are parallel to the poles of the 
magnetic circuit – steel grade St. 3, the other two walls are aluminum.
Fig. 3. Three-dimensional modeling of an electromagnetic separator:  
a – geometric model of the separator; b – distribution pattern of the magnetic field
To substantiate the possibility of using the Infolytica software package, a test task was solved 
and a 3D computer model of the electromagnetic separator was verified. The verification results 
showed that the use of the Infolytica program for computer modeling allows obtaining quantitative 
and qualitative data on the distribution of the magnetic field. These data can serve as a basis for fur-
ther studies of the magnetic flux in the working interpole zone of the electromagnetic separator [16].
3. The results of research to determine the boundary conditions for the working areas of 
the matrix
Calculations of the magnetic flux Φ through the area S (Fig. 4) with a width of t = 6 mm, 

















calculations, the magnetic flux Φ through the site S was: for option 1 – 0.0000126111 Wb, for 
option 2 – 0.0000558067 Wb, for option 3 – 0.0000640057 Wb. Accordingly, the value of the 
vector magnetic potential Аde in the section de (Fig. 2) was: for option 1 – 0.00630554 Wb/m, 
for option 2 – 0.027903332 Wb/m, for option 3 – 0.032002859 Wb/m.
Fig. 4. To the calculation of the vector magnetic potential
To carry out variant calculations, it is necessary to determine the numerical values of the 
vector magnetic potential Аde at the boundary de (Fig. 2) for all 55 two-dimensional regions of 
the synthesized structures.
According to the results of 3D analysis, it was found that the value of the vector magnetic 
potential Аde depends on the filling of the working gap of the matrix with metal elements. So, the 
so-called filling factor km was introduced for consideration, which connects the basic geometric 




= ctga.  (1)
For structural variants of the matrix of the electromagnetic separator, which were investi-
gated, the fill factor km was, respectively: for variant 1 – km = 0.3532; for option 2 – km = 0.616; for 
option 3 – km = 0.769.
Table 1 shows the calculated values of the fill factor km with varying the geometric relation-
ships X1 = b/a and X2 = a in the ranges: X1 = b/a = 0.18…0.4, X2 = a = 0.1π…0.18π. 
Based on the data obtained, a graph was constructed (Fig. 5), which describes the 
dependence of the vector magnetic potential Аde on the fill factor km. Using this graph, the Аde 





a 0.18 0.20 0.25 0.28 0.30 0.35 0.40
0.11π 0.495 0.549 0.687 0.769 0.824 0.962 –
0.12π 0.455 0.505 0.631 0.707 0.758 0.884 –
0.13π 0.416 0.462 0.578 0.647 0.693 0.809 0.924
0.14π 0.386 0.429 0.536 0.600 0.643 0.751 0.858
0.15π 0.3532 0.393 0.491 0.55 0.589 0.687 0.785
0.16π 0.325 0.361 0.451 0.505 0.541 0.631 0.722
0.17π 0.312 0.346 0.433 0.485 0.520 0.606 0.693
0.18π 0.277 0.308 0.385 0.431 0.462 0.539 0.616
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Fig. 5. Dependence of the vector magnetic potential Аde on the fill factor km
To calculate the Аde values at intermediate points of the considered interval 0.3532 ≤ km ≤ 0.769, 
an approximating function (regression) was constructed using the least squares method [17]:
 A k kde m m= − + −0 1349 0 2132 0 05222. . . .  (2)
Based on the results of polynomial approximation (2), the vector magnetic potential Аde 
was determined for various combinations of Х1 and Х2. For clarity, the results of calculating 
Аde are shown in the form of a volumetric graph (Fig. 6).
Fig. 6. Distribution of vector magnetic potential Аde
Thus, the values of the vector magnetic potential Аde have been determined for various 
combinations of geometric similarity criteria Х1 and Х2 of the selected structure of the separa-
tor matrix.
These data were used to set the boundary conditions in a computational 2D experiment 
when choosing an electromagnetic separator matrix with rational geometric dimensions.
4. Optional calculations of the magnetic matrix of an electromagnetic separator using two-
dimensional models of working zones
For the basic model of the separator (option 3), during the computational experiment, 
the fraction Pb of the area of the working zone (pole-to-pole gap) of the matrix was determined, 




























where fmin – the minimum threshold value of the power fmin = (Hgrad(H))min, at which, based on the 
experience of separator design, a sufficiently high efficiency of extraction of ferromagnetic inclu-
sions is ensured (in the calculations, the value fmin = 3·108 A2/m3was taken); fmax – the maximum va-
lue of the specific reduced force, which for the base model was fmax = (Hgrad(H))max = 8.6·109 A2/m3.
This part of the area of the working area Pb was expressed as a percentage in relation to the 
value P of the entire area of the working area: γ = P Pb . In this case, the parameter γ depends sig-
nificantly on the geometric relationships X1 and X2 and can be defined as the effective area of the 
working area of the matrix [14]. For the basic version of the separator, the parameter γ was γ = 5.3 %. 
Some of the calculation results obtained during the computational experiment are shown in Fig. 7.
Fig. 7. Results of optional calculations of the parameter γ:  
a – X2 = a = 0.11π; b – X2 = a = 0.12π; c – X2 = a = 0.13π; d – X2 = a = 0.14π; e – X2 = a = 0.15π;  
f – X2 = a = 0.16π; g – X2 = a = 0.17π; h – X2 = a = 0.18π
Options of the investigated systems that satisfy the condition:
 γ X X1 2, max.( ) →  (4)
The calculation results obtained during the computational experiment showed that condi-
tion (4) is satisfied by the structure of the matrix with geometric similarity criteria X1 = b/a = 0.18; 
X2 = a = 0.11π, for which the parameter γ takes the maximum value γ = 36.5 %. For comparison, 
the γ parameter for the basic structure was 5.3 %. Thus, the following parameters should be consid-
ered rational: X1 = b/a = 0.18 і X2 = a = 0.11π.
The reliability of the results obtained during the computational experiment was confirmed 
by comparison with the results obtained by other researchers [2, 18–20]. According to estimated 
calculations, the productivity of an electromagnetic separator with rational geometric parameters 
of a plate matrix will increase by 3–5 % with a constant extraction efficiency of ferromagnetic 
inclusions in comparison with the basic version of the device.
5. Discussion of the results of studying the distribution of the magnetic field in the matrix of 
the polygradient separator
The paper substantiates an approach to multivariate calculations of the magnetic field distri-
bution, based on the use of the advantages of two- and three-dimensional computer modeling. This 
made it possible to reduce the time costs associated with three-dimensional modeling, and thus 
increase the computational efficiency of calculations in general.
The practical implementation of the proposed approach provided for the use of a limited 
number of three-dimensional models of the electromagnetic system of the separator, as auxiliary 
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
                      a                                            b                                            c                                            d
                      e                                            f                                            g                                            h
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ones, for finding the boundary conditions of the computational domains. Three versions of the elec-
tromagnetic separator were chosen with different values of the working air gap δ: minimum δmin, 
maximum δmax and average δav (δmin ≤ δav ≤ δmax). Fig. 3 shows, for example, a three-dimen-
sional geometric model of an electromagnetic separator (Fig. 3, a) and a picture of the magnetic 
field distribution (Fig. 3, b) for a variant of the device with the maximum value of the working 
gap (δmax = 53 mm).
To solve the second problem of the study, the boundary conditions were determined, in 
particular the vector magnetic potential Аde in the section de (Fig. 2) for the working areas of the 
matrix using the selected three-dimensional models of the electromagnetic separator. An appro-
ximating regression model is built – formula (2), with the help of which the vector magnetic poten-
tial Аde is determined for various combinations of geometric similarity criteria X1 and X2.
The boundary conditions for the vector magnetic potential Аde, obtained from the results 
of three-dimensional computer modeling, were further used to carry out variant calculations and 
determine the rational geometric parameters of the plate elements of the magnetic matrix accord-
ing to the criterion γ of the effective area of the working area of the matrix using two-dimensional 
models. It is shown that the variants of the systems under study that satisfy condition (4) will be 
considered rational. The analysis of the results obtained, presented in Fig. 7, made it possible to 
determine the numerical values of the geometric similarity criteria (X1 = b/a = 0.18; X2 = a = 0.11π) 
for which the parameter γ takes the maximum value (γ = 36.5 %).
At the initial stage of the study of the spatial distribution of the magnetic field in the work-
ing gaps of the matrix of the polygradient separator, it was assumed to use the numerical finite 
element method in a three-dimensional formulation. The undoubted advantage of 3D modeling is 
the ability to calculate the magnetic field in any structural element of the electromagnetic separator 
and to approximate the calculation results to real processes. At the same time, the analysis of the 
field distribution for 55 computer 3D models of the electromagnetic separator, which differ in the 
geometric dimensions of the matrix elements, required a significant computation time. Taking this 
into account, a reasonable approach to carrying out multivariate calculations of the magnetic field 
distribution, based on the use of the advantages of two- and three-dimensional computer modeling. 
This made it possible to reduce the time costs associated with three-dimensional modeling, and 
thus increase the computational efficiency of calculations in general.
The distribution of the magnetic field in the working areas of the matrix is also influenced 
by other factors, for example, the shape of the matrix elements. The work investigated plate matri-
ces, the elements of which have the shape of an equilateral triangle. Determination of the influence 
on the distribution of the magnetic field of plate elements with a different geometric shape, for 
example, trapezoidal, was not included in the research tasks. The study of this influence can be the 
subject of further research work.
6. Conclusions
1. A combined approach to the analysis of magnetic fields is substantiated, taking into 
account the advantages of finite element analysis in both two-dimensional and three-dimensio-
nal formulations. This approach is capable of providing the required computational efficiency 
and accuracy.
2. An approach is proposed to determine the boundary condition (vector magnetic potential) 
at the boundary de of two-dimensional computational domains, based on the study of the spatial 
distribution of the magnetic field in the working gap of the electromagnetic separator. The nume-
rical values of the vector magnetic potential at the boundary of the region are obtained for three 
three-dimensional models of the electromagnetic system of the separator using the Magnet module 
of the Infolytica software package. The calculation of the boundary conditions for all other models 
was carried out by interpolation.
3. The choice of a rational version of the polygradient matrix of the electromagnetic separa-
tor is carried out according to the criterion γ of the effective area of the working area. The analysis 
carried out using the method of simple enumeration of options showed that the structure with the 
parameters X1 = b/a = 0.18 and X2 = a = 0.11π in terms of a high value of the effective area γ of the 
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working area (γ = 36.5 %) can be considered rational. A variant of the structure of the polygradient 
matrix with rational parameters X1 = b/a = 0.18 and X2 = a = 0.11π is adopted in comparison with 
the basic design of a separator with parameters X1 = b/a = 0.28, X2 = a = 0.11π, chosen empirically, 
is characterized by the following:
– the maximum intensity Hmax and the maximum intensity gradient grad(Н)max of the mag-
netic field of the structure with rational parameters exceed almost 3 times the corresponding indi-
cators of the basic structure;
– for a structure with rational parameters, the value of the effective area of the working 
zone γ is almost 7 times larger than that of the base one.
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